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cultures based on growing cells embedded in gels of native ECM components [1, 2] . Thus, the availability of ECM macromolecules from major tissue types including type I collagen (COLI) and reconstituted basement membrane (rBM, also known as Matrigel or EHS matrix) has enabled using 3D cultures to study different cell types in a variety of physiopathological processes such as differentiation, morphogenesis and invasion [3] [4] [5] [6] .
A major role of ECM in vivo is to hinder the diffusion of soluble signaling factors [7, 8] .
Likewise, diffusion hindrance has also been reported in ECM gels used in 3D cultures [5, 9] , although the extent to which gels mimic tissue hindrance is not well established. In addition to the ECM, hindered diffusion in 3D cultures is contributed by cells. The latter contribution has been analyzed both experimentally and theoretically, and has been largely attributed to the geometrical obstacles posed by cells [8, 10, 11] . Likewise, the diffusivity of macromolecules in free solution and agarose gels have been extensively studied [7, 12, 13] . In contrast, quantitative analyses of their diffusivity in ECM gels are still scarce, and the physical basis underlying ECMdependent hindrance in conditions relevant for 3D cultures remains overall ill defined [8, 10] .
In addition to ECM-dependent effects, reduced diffusion depends on the physicochemical properties of the diffusing particle and on ECM-particle interactions [8, 14] . A major consequence of these multi-factorial effects is that the design and interpretation of 3D culture
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A c c e p t e d M a n u s c r i p t 4 experiments require detailed knowledge of the diffusivity of the target signaling factor(s) within the specific ECM gel. Common approaches to assess diffusivity in gels include fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS).
However, the latter microscopic approaches are challenging for most cell biology groups working with 3D cultures, since they require access to expensive instrumentation including a confocal microscope, expert personnel and advanced numerical analysis tools. Alternatively, a less challenging approach has been reported in chemotaxis assays in which diffusivity of fluorescently labelled tracers is assessed by time-lapse fluorescence intensity measurements by fluorescence microscopy. However, these chemotaxis assays are still limited in that they require customized sample holders [15, 16] .
To overcome the above limitations, we sought to set-up and validate a simple and costeffective diffusivity assay based on a sample holder (i.e. Transwell plates) and a fluorescence recording device (i.e. spectrophotometer in a Microplate Reader) that are easily available in most cell biology laboratories. Next, we used the spectrophotometer-based assay to assess the diffusivity of tracer particles (FITC-conjugated dextrans) with molecular weights (M r ) spanning the physiological range of signaling factors in a panel of ECM gels as used in 3D cultures [17] .
Diffusivity data were analyzed to unravel the role of gel density, geometry and viscous friction in controlling diffusion hindrance. In addition, guidelines to improve the design of 3D cultures in terms of transport were provided.
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Material and methods

ECM gels
Gels were prepared at densities known to elicit physiologic responses in 3D culture studies [3, 5, 6] . rBM solution was used undiluted (12 mg/ml, Cultrex BME, Trevigen). COLI solution was prepared in serum-free culture medium (SFM) as reported elsewhere [2] to a final density of either 1 or 3 mg/ml, which were referred to as sparse (1) and dense (3) densities owing to the proteolytic-independent and dependent cellular invasion observed in these gels, respectively [6] . Dense fibrin (FIB) was prepared as previously described [2] . For spectrophotometer-based diffusivity experiments, each gel sample and experimental condition was prepared in triplicates in Transwell plates (24 Transwell plate, 8 μm pore size, 6.5 mm wide insert, Corning) that contained two separate units: the top Transwell insert and the bottom lower
Transwell compartment (Fig. 1A) . The day of the experiments, 70 μl of either rBM or COLI solution were added to the bottom of a Transwell insert, loaded into the lower Transwell compartment, kept in an incubator (37ºC, 95% humidity) for 30 min to enable gelation, and hydrated with 200 μl SFM. For FIB gels, 70 μl of fibrinogen+thrombin solution were added to the Transwell insert, kept at room temperature for 5 min, incubated at 37ºC and hydrated with SFM. The theoretical gel thicknesses were 2 mm, which is commonly used in 3D cultures [17, 18] . For FRAP experiments, 70 μl of each ECM solution were polymerized onto an 8-chamber culture slide (BD Falcon).
Spectrophotometer-based diffusivity measurements
The diffusion of FITC-dextrans at 3 different M r (4, 40 and To model our spectrophotometer-based diffusion measurements, we used a common approach based on considering hydrogels as a porous medium. In these conditions, the one-
M a n u s c r i p t 7 where C(x,t) is the concentration of diffusing particles as a function of time (t) and depth (x), and and D is the isotropic diffusion coefficient inside the gel. The simplest and most widely used strategy to solve Eq. (1) for the diffusion of an extended initial particle distribution C o assumes that the hydrogel is a semi-infinite slab, which corresponds to , , and [5, 11, 15] , thereby eliciting [19] (2)
where erfc is the error function complement. Eq. (2) is a suitable approximation to model the diffusion within a finite-sized material when the thickness of the diffusion layer δ during the experimental time-window is smaller than that of the material, where δ can be assessed as [15, 20] .
We adapted Eq. (2) to model our measurements as (4) where l is the gel depth and C l (t) is the dextran concentration at x = l. Eq. (4) was fitted to the average F PR data by nonlinear least-squares fitting (MATLAB, The Mathworks), being l and the apparent diffusivity D fitting parameters. As initial fitting values we used l = 2 mm and D M a n u s c r i p t 8 predicted by the Stokes-Einstein (S-E) equation for water [7] . For each experimental condition, the time window used to fit Eq. (4) was taken up to 50% of the last F PR data point to guarantee δ < l. Eq. (4) was also used to assess the time to reach 50% of C 0 (t 50 ) by imposing erfc 0.5l/(Dt) 1/2 = 0.5 using MATLAB, which elicited
The effective viscosity η was assessed from D data using the S-E equation [7] (6)
where k B is the Boltzmann's constant, T is the absolute temperature, ρ is the particle´s density and R H is the hydrodynamic radius. The latter was assessed using an empirical relation [21] that elicited 1.21 nm for Dex4, 4.12 nm for Dex40 and 5.55 nm for Dex70.
Diffusivity measurements by FRAP
Dex4 solution was added to each ECM gel 3 days before experiments to enable reaching near-equilibrium concentrations [5] and kept at 37ºC. FRAP measurements were conducted with a scanning confocal microscope (TCS SP2 UV, Leica). Samples were illuminated with a 10 0.4
NA objective and a 488 nm excitation line from a 30 mW Ar + laser operating at 8% output power. Photobleaching of a 40 μm wide circular region-of-interest (ROI) was achieved with a M a n u s c r i p t 9 488 and 514 nm excitation line from the Ar + laser at 100% of relative intensity. The bleaching time was 1.4 s, and the total ROI fluorescence intensity images after photobleaching were collected at intervals of 0.28 ms up to 50 s at 512512 pixel resolution using a pinhole of 1 Airy unit (n=6 per gel type). These settings minimized the fluorescence contribution from the diffusion of FITC-dextrans along the axial direction and prevented any recovery during bleaching [22] . FRAP measurements were modeled assuming that the bleached area had a uniform circular disk profile, which enabled analyzing all the recovery curves with [23] : (7) where F ROI (t) is the normalized mean fluorescence intensity in the bleached ROI at t, F ∞ is the recovered fluorescence at large t, F 0 is the bleached fluorescence intensity right after the bleach, τ D is a characteristic residence time of the diffusing particle in a volume of characteristic length and I 0 and I 1 are the modified Bessel Functions. Eq. (7) was nonlinear least-squares fitted to FRAP measurements with MATLAB, being τ D a fitting parameter, which was used to assess the
D FRAP data were averaged for all repeated measurements (n=6). 
AFM imaging
To enhance AFM resolution, gels were prepared as in 2.1. and fixed with 1% glutaraldehyde (Sigma) PBS solution for 30 min to render stiffer gels [24] . Samples were imaged 
Statistical analysis
Differences were examined by either Student's t-test or Mann-Whitney test for not normally distributed populations (SigmaPlot, Systat Software). Statistical significance was assumed at P<0.05. Unless otherwise stated, data are given as mean  SE.
Results
Validation of the spectrophotometer-based diffusivity assay
A scheme of the spectrophotometer-based diffusivity assay is shown in Fig. 1A . The maximum gel dextran equilibrium concentration was ~150 μg/ml, which fell within the linear (continuous lines). By restricting the analysis of F PR data within the diffusion layer, the time window used in the fittings in SFM was ~5 min. In these conditions, the drop in F PR due to photobleaching was negligible (<2%), supporting further the feasibility of our data analysis. As a guidance, we also included the fittings of the semi-infinite model over the entire data range (dotted lines). The model captured accurately the dynamics of the intensity data in both timewindows (r 2  0.95). Similar results were obtained with the other dextrans (Suppl. Fig. S1 ).
Likewise, fitted l values were very close to the theoretical 2 mm in all conditions examined (data not shown).
D data obtained from the fittings are summarized in Table 1 and Suppl. A c c e p t e d M a n u s c r i p t 12 technical and sample preparation differences between both techniques, the latter difference was deemed reasonable and D data were used in subsequent analysis.
Diffusion hindrance in ECM gels is consistent with the S-E equation
In all ECM gels, D decreased monotonically with M r (Fig. 2A) . Intriguingly, D of dense FIB was much larger than that of dense COLI and very close to rBM even though rBM was 3-fold denser than FIB. A decrease of D with M r in free solution has been previously described in
) with a weak exponent α ~ 0.15-0.5 [8, 14] . To check whether a similar description could be applied to our gel measurements, we fitted a power-law with a common exponent α simultaneously to all gels. The fittings exhibited a very good agreement with the experimental data (r 2 = 0.99) ( Fig. S4 ). These findings reveal that, despite their entangled architecture, ECM gels behave as dilute solutions for particles with physiologic M r in terms of diffusion.
Diffusivity analysis in terms of ECM viscosity
A major consequence of the validity of the S-E equation is that transport is regulated by viscous friction (Eq. (6)). To examine this possibility more closely, we used D data and Eq. (6) to assess the effective microscopic viscosity η. In agreement with the S-E relation, η values M a n u s c r i p t 13 obtained with different dextrans were very similar for all gels (Fig. 2B and Suppl. Table S1 ). The horizontal dashed line is the water viscosity (η water ) at 37ºC, whereas the thick solid lines represent the average η for each gel. Maximum η values were obtained in rBM and dense FIB, and were  3.5-fold larger than that of water. Conversely, η of sparse COLI was similar to η water , whereas η of dense COLI was ~1.5-fold larger than η water . Of note, η of dense FIB were similar to rBM and ~3-fold higher than dense COLI, highlighting that the viscosity of ECM gels (but not gel density) is predictive of the diffusion hindrance of dextrans with physiological M r values.
Diffusivity analysis in terms of ECM geometry
A critical geometrical parameter of hydrogels in terms of diffusion is its average pore width (w), since geometrical effects are thought to be more relevant as the size of the particles approaches w [8, 12] . We used AFM imaging to assess w. All gels could be imaged except sparse COLI owing to its compliance. A representative image obtained in dense COLI is shown in Fig.   3A . Although ECM filaments were somewhat distorted during scanning, they remained stable enough to enable identifying pores as surface invaginations (Fig. 3A) . Image analysis revealed a log-normal distribution of pore areas (Fig. 3B and Suppl. Fig. S5 ), which was used to calculate w (Fig. 3C) . w from sparse COLI was included taking values reported elsewhere [28] [29] [30] [31] for completeness' sake. We found a general reduction of w with gel density. However, unlike diffusivity, the w range for dense FIB was closer to that of dense COLI than to rBM. Our data also reveal that the median w were more than 100-fold larger than R H of dextrans, even at the highest gel density. where η were taken as the average per gel (Fig. 3D) Table 2 ) [8, 14] , which is considered among the most geometrically restrictive tissues in terms of diffusion. This comparison revealed that  gel measured in both rBM and dense FIB was in average 1.5-fold larger than < cell >, and that these  gel values fell within the same range than < brain >.
Diffusion hindrance in ECM gels, cells and tissues
Convenient time-windows in 3D culture experiments based on diffusivity data
Diffusion sets a minimum time-window that must be contemplated to guarantee that all cells in a 3D culture are exposed to the same equilibrium concentration of the signaling factor.
To assess a convenient time-window, we calculated the time to reach half the equilibrium concentration t 50% due to either  gel alone (dotted lines) or to gels and cells ( 3D ) as in 3D
cultures (continuous lines) (Fig. 4) 
Discussion
A simple and cost-effective method to assess the diffusivity of signaling molecules is desirable for cell biology groups working with 3D cultures. Our spectrophotometer-based assay in which the intensity of fluorescently-labelled diffusing particles was analyzed within the diffusion layer minimized the effects of photobleaching in the widely used FITC-dextrans, and reported apparent diffusivity values that were ~15% lower in average than those obtained with (Fig. 2A) . Two major factors may account for the moderate discrepancy between our D and D FRAP values. First, technical differences, since FRAP measured diffusivity of particles initially at equilibrium within a micrometer-sized region of the sample, whereas our spectrophotometerbased approach examined diffusion in bulk of particles towards equilibrium. Second, our theoretical modeling based on the computationally simple solution of Fick´s law under the semiinfinite slab approximation, which was fitted within the diffusion layer. Moreover, our modeling assumed that: (1) the concentration above the gel was not decreased during the experiment, and (2) the diffusivity in the solution below the gel is the same as in the gel. The first assumption relies on the fact that we fitted Eq. (4) to the diffusion layer, i.e. far before the equilibrium A c c e p t e d M a n u s c r i p t 16 regime. In support of this assumption, a recent study conducted with a chemotaxis assay similar to ours on COLI gels reported a difference between diffusivity data obtained with the semiinfinite model applied within the diffusion layer or with Finite-Element (F-E) analysis of 17% [15] , which is very close to the ~15% discrepancy between our D and D FRAP values. The latter agreement suggests that the correction obtained with F-E analysis is modest, whereas it is much more computationally demanding. The second assumption is justified by the fact that the spectrophotometer measured the bulk fluorescence in the lower Transwell compartment, which is comparable to measuring right at the bottom of the gel (x = l). In addition to technical and theoretical limitations, the discrepancy between our D data and that reported elsewhere may be contributed by the different gel preparation and/or ECM source. Despite all these variability sources, it is remarkable the good agreement between our macroscopic diffusivity data and that obtained with FRAP and other microscopic assays. Accordingly, our work expands a recent study that used a Nanodrop spectrophotometer to assess the apparent diffusivity in scleral tissue [36] , and altogether support that spectrophotometer-based assays provide a suitable and costeffective alternative to assess the apparent diffusivity in ECM gels used in 3D cultures with reasonable accuracy.
Previous studies in tissues and non-ECM fibrous networks have attributed diffusion hindrance to either geometric (steric) or non-geometrical (viscous) effects of the network, or a combination of both [7, 10, 13, 37] . However, it had remained unclear what ECM effects dominate diffusion hindrance in conditions relevant for 3D cultures. Our AFM image analysis reported median ECM pore sizes w ≥ 0.4 µm for all gels (Fig. 3C ), in agreement with previous studies using alternative imaging approaches [28] [29] [30] [31] 38 ]. Since the maximum R H was ~5.5 nm, dextrans were 2 orders of magnitude smaller than the median w, indicating that they behaved as A c c e p t e d M a n u s c r i p t 17 small molecules in terms of diffusion. In these conditions we provided direct evidence that the relationship between the apparent D and M r is well captured by the S-E equation (Fig. 2A) . In further agreement with S-E, we observed a similar viscosity with each dextran for a given gel.
These observations were not anticipated, since the S-E equation was derived for rigid spherical particles in a Newtonian liquid, which is in marked contrast with the entangled structure of ECM gels. In qualitative agreement with our findings, previous attempts to examine D dependence on M r reported power-law relationships in both FIB and COLI gels [5, 9] , although they could not unambiguously discriminate the 1/3 power-law exponent from other possibilities. These results reveal that, at least for small particles, ECM gels at densities used in 3D cultures behave as dilute porous solutions. Moreover, these observations revealed that the enhanced ECM viscosity is the main physical gel property in controlling the transport of small spherical particles rather than ECM geometry.
We can envision two potential hydrodynamic effects underlying the enhanced ECM gel viscosity: (i) a wall effect due to the surface of the ECM scaffold, and (ii) the effect of unassembled ECM macromolecules. Wall-effects describe the flow reduction in the proximity of a 2D wall, which increases the effective viscosity of the fluid [39] . This wall-effect predicts that D should correlate with the median w. However, such prediction was not consistent with the similar D observed in rBM and dense FIB. Likewise, it could not account for the similar  gel measured in the latter ECM gels and those reported in the extracellular space (ECS) of brain tissue, whose pore sizes are much smaller than in ECM gels [8] . Alternatively, fluid viscosity is known to increase in the presence of soluble macromolecules [40, 41] . For dilute solutions, η increases linearly with the volume fraction occupied by the soluble large macromolecules ( unattach ). Although, to our knowledge,  unattach in an ECM gel remains unknown, we may assume M a n u s c r i p t 18 that it is linear with gel density d as a first approximation. In support of the latter prediction, we observed a fairly linear relation between η/η water obtained in COLI and rBM gels and d (Fig. 5) , which is reasonable considering the large content of collagen IV in rBM. The simplest model that relates η/η water and  unattach for rod-like macromolecules like ECM filaments [29] is the Kuhn model [40, 41] , which predicts η/η water = 1 + (5/2 + x) unattach , where x is the axial ratio (length/width) of the rod. Taking a previously suggested value (x = 19) [41] elicited  unattach ~ 0.01 (sparse COLI), ~ 0.04 (dense COLI), ~ 0.15 (rBM) and ~ 0.11 (dense FIB), which fell within the theoretical range of  unattach data assessed in brain tissue (0.18-0.5) [10] . Of note, the role of unassembled ECM molecules in enhanced viscosity is further substantiated by previous observations reporting undistinguishable dextran diffusivities obtained in dense COLI solutions before and after gelation [9] or in aligned and nonaligned sparse COLI gels [42] . All these observations strongly support that the enhanced ECS viscosity largely arises from unattached ECM macromolecules, and that the similar η in rBM and dense FIB is due to their comparable  unattach . Moreover, these findings suggest that current models of diffusion hindrance in hydrogels should be revisited at least in ECM gels, since they do not consider the contribution of  unattach .
Our results may improve the design of 3D culture studies in at least 3 directions. First, dense rather than sparse gels should be selected, since the latter fail to reproduce physiologic  values even after adding the effect of  cell . Second, there is a minimum time-window that must be contemplated to guarantee that all cells in a 3D culture are exposed to the same equilibrium concentration of the signaling molecule for a given ECM gel. To assess such suitable timewindows, we used a simple model to predict t 50 values. Noteworthy, our predictions were consistent with experimental time-windows reported in 3D culture studies (Table 3 ) [5, 18, 43, 44] . However, our predictions are likely to be an underestimation for soluble signaling M a n u s c r i p t 19 molecules, since many ECM components contain binding domains for signaling factors [7, 8] .
Third, unwanted diffusion effects due to gel thickness can be minimized by using thinner gels according to Fig. 4 . Thickness effects can be further reduced by preparing 3D cultures in Transwell inserts and adding the signaling factor both on top of the gel and in the bottom Transwell compartment. Alternatively, thickness effects may be simply prevented by culturing cells on top of the ECM gel instead of embedded when appropriate [3] .
Conclusions
We provided a proof-of-principle that the spectrophotometers in commercial MultiPlate
Readers and Transwell plates provide a simple and cost-effective alternative approach to assess the apparent diffusivity in ECM gels. Using this approach we found that the S-E relation derived for Newtonian fluids can be extended to the complex entangled structure of ECM gels.
Accordingly, we clarified that the diffusion hindrance of small particles is regulated by the enhanced viscosity of the gel rather than by geometric factors, and provided a strong rationale that this enhanced viscosity is largely contributed by unassembled ECM macromolecules. In addition, we found that 3D cultures based on dense gels ( 3 mg/ml) were able to reproduce the large physiologic tortuosity of brain tissue and some tumors, underscoring that they are suitable tissue surrogates in terms of diffusion. Finally, we provided guidelines to improve the diffusive effects in 3D cultures. A c c e p t e d M a n u s c r i p t n.a.
dense FIB (2.5 ± 0.1)×10 -7 n.a.
dense COLI (6.3 ± 0.4)×10 -7 (7.9 ± 0.2)×10 -7 sparse COLI (9 ± 1)×10 -7 n.a. (5.9 ± 1.7)×10 -7 n.a. A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t I values based on a 2 mm gel thickness in Fig. 5 ; II t at which physiologic response was detected Table 3 
